In mitotic cells, RAD9A functions in repairing DNA double-strand breaks (DSBs) by homologous recombination and facilitates the process by cell cycle checkpoint control in response to DNA damage. DSBs occur naturally in the germline during meiosis but whether RAD9A participates in repairing such breaks is not known. In this study, we determined that RAD9A is indeed expressed in the male germ line with a peak of expression in late pachytene and diplotene stages, and the protein was found associated with the XY body. As complete loss of RAD9A is embryonic lethal, we constructed and characterized a mouse strain with Stra8-Cre driven germ cell-specific ablation of Rad9a beginning in undifferentiated spermatogonia in order to assess its role in spermatogenesis. Adult mutant male mice were infertile or sub-fertile due to massive loss of spermatogenic cells. The onset of this loss occurs during meiotic prophase, and there was an increase in the numbers of apoptotic spermatocytes as determined by TUNEL. Spermatocytes lacking RAD9A usually arrested in meiotic prophase, specifically in pachytene. The incidence of unrepaired DNA breaks increased, as detected by accumulation of cH2AX and DMC1 foci on the axes of autosomal chromosomes in pachytene spermatocytes. The DNA topoisomerase IIb-binding protein 1 (TOPBP1) was still localized to the sex body, albeit with lower intensity, suggesting that RAD9A may be dispensable for sex body formation. We therefore show for the first time that RAD9A is essential for male fertility and for repair of DNA DSBs during meiotic prophase I.
Introduction
Mouse Rad9a is an evolutionarily conserved gene with a diverse set of functions important primarily for promoting genomic integrity (Lieberman, 2006) . RAD9A protein is a member of the heterotrimeric 9-1-1 complex, which consists of RAD9A, HUS1 and RAD1, and carries out many of its activities as part of this complex. Deletion of Rad9a causes embryonic lethality (Hopkins et al., 2004 ) and mice with a conditional knock out in keratinocytes demonstrate enhanced susceptibility to the development of carcinogen-induced skin tumors . Mice heterozygous for Rad9a are prone to spontaneous as well as radiation-induced cataractogenesis (Kleiman et al., 2007) . Conversely, aberrantly high levels of human RAD9A play a functional role in prostate carcinogenesis (Broustas and Lieberman, 2012; Zhu et al., 2008) .
The RAD9A protein is intimately involved in the cellular response to DNA damage. It regulates cell cycle checkpoints in mitosis through participation in both the ATR as well as ATM signaling pathways (Furuya et al., 2004; Lee et al., 2007; Niida and Nakanishi, 2006) . Human RAD9A colocalizes with the phosphorylated form of histone H2A variant X (cH2AX) after DNA damage, and this is independent of ATM function (Greer et al., 2003) . Furthermore, RAD9A inactivation delays the appearance of ionizing radiation-induced cH2AX foci, which together argue that RAD9A may modulate chromatin structure in response to DNA damage (Pandita et al., 2006) . RAD9A also influences DNA repair directly. It can physically interact with proteins involved in base excision repair, mismatch repair and homologous recombination repair, and consequently, modify their activity and modulate the respective DNA repair pathways (Chang and Lu, 2005; Gembka et al., 2007; Guan et al., 2007; He et al., 2008; Pandita et al., 2006; Park et al., 2009; Smirnova et al., 2005; Toueille et al., 2004; Wang et al., 2004) . There is also evidence that RAD9A participates in nucleotide excision repair (Li et al., 2013) .
DNA repair is an important part of the normal progression of meiosis and the function of the 9-1-1 complex for meiosis in vivo has been demonstrated in several non-mammalian systems. The S. cerevisiae homolog of RAD9A, Ddc1, is found at sites of double-strand breaks (DSBs) in meiosis and is required for the pachytene checkpoint (Hong and Roeder, 2002 ). It appears that in this model, the 9-1-1 complex is bound to the synaptonemal complex (SC) via Red1 and is essential for SC formation (Eichinger and Jentsch, 2010) . A possible role in DNA repair for one member of the complex, HUS1, had been described during oogenesis in Drosophila melanogaster wherein females with a null hus1 mutation were sterile, mainly due to oocyte nuclear defects similar to those produced by mutations in the spindle class of DNA DSB repair enzymes (Abdu et al., 2007) . Furthermore, the Drosophila hus1 gene is required for proper disassembly of the SC for efficient processing of DNA DSBs (Peretz et al., 2009) .
The roles of mammalian RAD9A in cell cycle checkpoint control, apoptosis and DNA repair are well established in mitotically dividing cells. All of these activities are critical for gametogenesis, but no prior studies have documented involvement of the 9-1-1 complex and specifically RAD9A in mammalian meiosis. The early embryonic lethality of Rad9a null mice is accompanied by increased apoptotic activity and reduced cellular proliferation (Hopkins et al., 2004) . While these findings clearly underscore that Rad9a is an essential gene in mammals, the embryonic lethality obviated understanding its function in the germ line by use of this null mutation. We initially determined RAD9A's pattern of expression in the male germ line and then examined the effect of loss of its function on the progression of cells through mitosis and meiosis. In order to investigate its function during spermatogenesis, we generated mice in which a conditional Rad9a allele was ablated specifically in undifferentiated spermatogonia by Cre recombinase expressed under the Stra8 promoter. While the mitotic divisions of spermatogonia appeared to be unaffected, RAD9A-deficiency had drastic effects on meiosis. We determined for the first time that RAD9A is essential in males for progression through meiosis and for the efficient repair of meiotic DNA DSBs.
Results
The distinct expression pattern of RAD9A in testicular cells suggests a role in meiosis It is well established that in somatic cells RAD9A has multiple functions, including DNA repair and checkpoint control (Lieberman, 2006) . To determine whether RAD9A has similar functions in male germ cells, we first characterized the pattern of expression of its protein and mRNA in wild type (WT) mouse testis. We examined the abundance of RAD9A protein by immunoblotting of total testis extracts from mice of ascending age (Fig. 1A) . With the onset of meiosis at postnatal day (pnd) ,10, the level of RAD9A increased and peaked coincident with the abundance of spermatocytes in late pachytene and diplotene stage at pnd18 (Bellvé et al., 1977) . The appearance of haploid germ cells at ,pnd20 and their relative prevalence in the testis thereafter was accompanied by a drop in RAD9A levels at pnd28 and in adult testis. This most likely reflected low or no expression in spermatids. To test this hypothesis and determine the cellular localization of the protein, we detected RAD9A in testis by immunohistochemistry and observed strong signal in the nuclei of prophase spermatocytes (Fig. 1B, red arrows) . Lower levels of Fig. 1 . Levels of RAD9A protein in mouse testis. (A) RAD9A protein abundance detected by immunoblotting of total testis extracts (50 mg/lane) isolated from juvenile mice of ascending age, adult (Ad) wild-type testis and wild-type mouse ES cells. Beta-actin was a loading control. Mouse age (postnatal day, pnd) is indicated under each lane. (B) Localization of RAD9A protein in adult mouse testis determined by immunohistochemistry in sections from adult Rad9a f/+ testis at 406 (left panel or at 1006, right panel). RAD9A signal (brown) was detected in the nucleus of pachytene spermatocytes (red arrows) and Sertoli cells (green arrowheads). Roman numerals indicate the stage of the mouse seminiferous epithelial cycle. Hematoxylin (blue) marks the nuclei. Spermatids were only weakly labeled. (C) Immunostaining for RAD9A, SYCP3 and DMC1 in squash preparations of adult seminiferous tubules. Left panels show RAD9A (green) and DAPI (blue; revealing nuclear localization); middle panels, SYCP3 (far red), RAD9A (green); right panels, DMC1 (red), RAD9A (green). Upper panels: leptotene/ zygotene stage; lower panels: pachytene stage. In leptotene/zygotene spermatocytes, there are bright DMC1 foci at DSBs and the RAD9A signal is diffuse with some speckled aggregates. In pachytene, RAD9A localizes primarily to the XY body (arrowhead), with a few additional regions staining positive, in distinct foci not associated with chromatin. (D) Colocalization of RAD9A (green) with SUMO1 (red). SUMO1 was not detected in zygotene spermatocytes (upper panel). In pachytene spermatocytes (lower panel) RAD9A localized primarily to the XY body (arrowhead) with a few additional foci as in C. Colocalization of RAD9A and SUMO1 in a pachytene spermatocyte confirms localization of RAD9A to the XY body (arrowhead). nonetheless consistent signal were also seen in Sertoli cells (Fig. 1B, green arrowheads) . Spermatids contained a comparatively weak signal, if at all, and spermatogonia did not seem to express RAD9A. It is possible, however, that basal expression of RAD9A in spermatogonia is below the detection limits of the assay.
These data are consistent with the profile of Rad9a RNA expression measured by qRT-PCR in total RNA isolated from testes of similarly aged juvenile mice (supplementary material Fig. S1A ). RNA levels reflected RAD9A protein expression, with an increase at the entry of germ cells into meiosis and peaking toward the end of the first meiotic prophase at pnd17. This trend was supported by the higher levels of Rad9a RNA in isolated primary spermatocytes as compared to round spermatids (supplementary material Fig. S1A ). The cellular distribution of Rad9a RNA was also confirmed by in situ hybridization analysis on adult testis, where Rad9a signal was detected in meiotic prophase spermatocytes and also in Sertoli cells, but not in round spermatids nor in spermatogonia (supplementary material Fig.  S1B ).
To determine the distribution and precise sub-cellular localization of RAD9A in spermatocytes, we carried out a detailed immunofluorescence study on squash preparations of testicular tubules. Staging of meiotic prophase I nuclei was based on morphology of the SC (detected with mouse anti-SYCP3 antibody), as well as the presence of foci of DNA DSBs (visualized with rabbit anti-DMC1 antibody). Leptotene-tozygotene spermatocytes are characterized by fragmentary SYCP3 signal on homologous chromosomes and the presence of multiple DMC1 foci (Fig. 1C , top row) (Moens et al., 2002) . At this stage, we found RAD9A clustered in multiple foci as well as diffusely distributed throughout the nucleus. In contrast, by mid-pachytene, when DSBs on autosomes are repaired and chromosome synapsis is complete, RAD9A localizes primarily to the XY body (Fig. 1C, bottom row ). There were a few remaining strong RAD9A foci throughout the nucleus, which apparently were not colocalized with SYCP3 at axial elements (AE) on chromosomes. In pachytene spermatocytes, SUMO1 appears exclusively at the X and Y bivalent (Rogers et al., 2004) . Colocalization of RAD9A with SUMO1 confirmed its association with the XY body at this stage (Fig. 1D ). This distinct nuclear distribution of RAD9A in spermatocytes suggests at least two possible functions for RAD9A during male meiosisparticipation in the repair of DSBs and/or a role in the formation and maintenance of the XY body.
Mice with conditional deletion of Rad9a in the testis are infertile Whole body Rad9a deletion in mice is embryonic lethal (Hopkins et al., 2004) , thus precluding analysis of RAD9A-deficient germ cells under these conditions. Therefore, to study the role of the protein in spermatogenesis it was necessary to generate animals with a male germ cell-specific deletion of a floxed Rad9a allele. As we reported previously , Rad9a f/f mice are viable and normal, consistent with our expectation that the 'floxed' Rad9a allele is functionally WT. We crossed homozygous Rad9a f/f mice with a 'deleter' strain, in which Cre expression is driven by the Stra8 promoter, shown previously to drive Cre expression in undifferentiated type A spermatogonia (Sadate-Ngatchou et al., 2008) . Excised floxed alleles are designated as Rad9a del to distinguish them from the originally obtained Rad9a 2 alleles (Hopkins et al., 2004) . We compared expression of Rad9a in Rad9a f/+ , heterozygous-like Rad9a f/del , and mutant Rad9a f/del Cre + testes, and found about half the levels of Rad9a f/+ expression in Rad9a f/del testes and over a 3.5-fold reduction of RNA levels in the mutant testes ( Fig. 2A) (Fig. 2B) , and testicular sections showed severe loss of germ cells (Fig. 2C) . The most severely affected tubules had gross vacuolization (Fig. 2C, asterisks) and appeared almost empty, containing mainly Sertoli cells, spermatogonia and an occasional spermatocyte.
We next compared the morphology and the degree of disruption of spermatogenesis in the sub-fertile cohort with that of the completely infertile mutant males (supplementary material Fig. S3 ). Histological analysis of epididymal sections showed that at the end of the study, both the initially sub-fertile (supplementary material Fig. S3B ) and the completely infertile (supplementary material Fig. S3C ) mutants were virtually devoid of sperm, consistent with the low sperm counts and lack of progeny at the third mating (Table 1) . Although many testicular tubules from sub-fertile males contained elongating spermatids and even sperm (supplementary material Fig. S3E ), they also displayed a range of abnormalities characteristic of the completely infertile cohort (supplementary material Fig. S3F ) but not seen in controls (supplementary material Fig. S3D ). In testes of infertile mice, between 91.2 and 97.8% of tubules exhibited gross vacuolization with a single exception of a sterile male having only 12.5% of tubules containing more than two large vacuoles. In contrast, only 2-10% of testicular tubules in sub-fertile males were highly vacuolized. Note that such vacuolization was not observed in the Rad9a fl/+ testes. Multinucleated giant cells were present in ,7% of testicular tubules from infertile males (supplementary material Fig. S3F , red arrows) and in ,2% of tubules in sub-fertile males (supplementary material Fig. S4A ,B, red arrows). Among the multiple abnormalities found in both cohorts were condensed, apoptotic nuclei of early prophase I spermatocytes (supplementary material We next asked whether incomplete excision of the floxed allele could contribute to the heterogeneity of the mutant phenotypes. We first examined the efficiency of the Rad9a 'flox' allele excision by immunostaining for RAD9A protein in Rad9a f/+ and Rad9a
Cre + testicular sections. Rad9a f/+ pachytene spermatocytes stain positive for RAD9A at the XY body and form a continuous layer in the tubule (Fig. 3A) . Cre + males. This was not surprising in view of the previously reported lack of expression of the Stra8-Cre transgene (Sadate-Ngatchou et al., 2008) in some PLZF-positive spermatogonia, resulting in a failure to excise a floxed allele (Hobbs et al., 2012) . The RAD9A-deficient spermatocytes detected appeared abnormal, as indicated by a weak and fragmentary SYCP3 signal (Fig. 3B, right panel) .
We therefore asked whether this inefficiency of excision was due to low Cre activity or was dependent on locus context. To assess Cre activity, we crossed Rad9a
Cre + mice with a second mouse line, Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo /J (mT/mG), designed as a reporter for efficiency of excision (Muzumdar et al., 2007) . The efficiency of excision of the tdTomato transgene was assessed by scoring the fraction of cells expressing EGFP, i.e. fluorescence turned from red to green, in single-cell suspensions from Rad9a testes using a previously reported flow cytometric assay (Bastos et al., 2005; Vasileva et al., 2009 ). In the Rad9a f/+ Cre + Tom + adult testes, 91.4% of the prophase spermatocytes were EGFP positive, while in the Rad9a f/del Cre + Tom + male there were 96.5% EGFP-positive spermatocytes (these were the mice used in cohort 2 of the fertility studies), which corroborates previously published .95% efficiency of excision for the Stra8-Cre transgene (SadateNgatchou et al., 2008; Yang et al., 2012) . Therefore, incomplete excision of the Rad9a allele is not likely a consequence of low Cre activity or frequent occurrence of cells lacking Cre expression. Incomplete excision, as demonstrated by an unrecombined floxed allele, was also observed in offspring born to wild-type females mated to Rad9a f/del Cre + males from the fertility study. Taken together, these data indicate that Rad9a deletion in the Stra8-Cre model was incomplete and that the heterogeneity of the Rad9a mutant phenotype may be due to inefficient excision precluded by locus-specific genomic context of the Rad9a conditional allele within a subset of spermatogonia.
RAD9A-deficient germ cells are eliminated by apoptosis
It is well established in cell lines that RAD9A has an antiapoptotic function (Kobayashi et al., 2004) , and Rad9a 2/2 mouse ES cells demonstrate high spontaneous levels of apoptosis (Zhu et al., 2005) . We therefore assessed the number of apoptotic cells by TUNEL staining in histological testicular sections obtained from the infertile mice used in the fertility study ( Fig. 4A-C) . As is standard in such analysis of apoptosis in testicular tubules, quantification of apoptosis is presented as the number of apoptotic cells counted per 100 tubules and by calculating the apoptotic index (by multiplying the percentage of tubules containing apoptotic germ cells by the number of apoptotic germ cells per tubule; Fig. 4D ) (Salazar et al., 2005) . While the Rad9a f/+ testes had the expected occasional apoptotic spermatocyte (6-9 TUNEL-positive cells/100 tubules), in the mutant there were numerous positive spermatocytes (Fig. 4B,C) . We determined the approximate stage of the seminiferous cycle of the mutant tubules and observed apoptotic spermatocytes in tubules corresponding to stages beyond mid-pachytene (Fig. 4B,C, red arrowheads) . Mutant males 1, 2, 3, 4 and 7 had intermediate loss of germ cells (Fig. 4B ) and showed an ,3-fold increase in the number of apoptotic cells/100 tubules, and more than 20-fold increase in apoptotic index, relative to controls. As expected, values for both the total apoptotic cells and the apoptotic index were downwardly skewed in mutants containing mainly agametic tubules (males 5 and 6), due to massive overall germ cell loss (Fig. 4C ).
Spermatocytes lacking RAD9A arrest at the late zygotene or early pachytene stage of meiotic prophase I
To identify the specific stage at which apoptosis was occurring, we quantified the proportion of each germ cell stage with specific attention to the number of spermatocytes at different stages of prophase I using flow cytometry as previously described (Bastos et al., 2005; Vasileva et al., 2009) . In most mouse strains, the first meiotic division in the first spermatogenic wave occurs around pnd18-19 and round spermatids appear at ,pnd20 (Bellvé et al., 1977) . We chose this age for our analysis as differences in f/+ (A) and Rad9a f/del Cre + (B) mice. Left panels: detection of RAD9A (green), SYCP3 (red) and nuclei (by DAPI staining; blue). Right panels: for clarity, only RAD9A and SYCP3 are shown. Pachytene spermatocytes (red SYCP3 on chromosomes) in Rad9a f/+ testis formed an uninterrupted concentric circle with bright RAD9A signal (green) on the XY body (A, right panel, white arrows). RAD9A-positive spermatocytes were readily detected in Rad9a f/del Cre + tubules indicating lack of 'flox' allele excision (B, right panel, white arrows). A few spermatocytes with interrupted chromosome cores and lower intensity of SYCP3 appear RAD9A-negative (white arrowheads). Rad9a f/+ tubules were filled with structured layers including round and elongated haploid spermatids, and fewer 'DAPI only' haploid nuclei were detected in the lumen of Rad9a f/del Cre + tubules, confirming that these cells have escaped excision of the conditional Rad9a allele. cellularity between mutant and Rad9a f/+ testes would likely be the direct result of loss of RAD9A function rather than a secondary effect of massive germ cell loss due to improper cellcell contact and general degeneration of seminiferous tubules, which is observed in adult mutant testes (Chung et al., 2004 f/+ littermates. This was occasionally accompanied by an increase in the numbers of early prophase I leptotene/zygotene spermatocytes. We conclude that the majority of RAD9A-deficient spermatocytes fail to progress through pachytene or they arrest early in this stage. Spermatids were readily detected in Rad9a f/+ pnd20 littermates (,7.07%) but not in mutant testes cell suspensions.
RAD9A is essential for efficient repair of DNA DSBs on autosomes during prophase I
We next asked what might trigger arrest in early pachytene and ensuing apoptosis of RAD9A-deficient spermatocytes. We speculated that, given the role of RAD9A in DNA repair, spermatocytes lacking RAD9A may have defects in repairing the DNA DSBs necessary for homologous recombination. The pattern of distribution of cH2AX, a marker for DSBs, during meiosis is well documented (Bellani et al., 2005; Mahadevaiah et al., 2001) . In leptotene and zygotene spermatocytes, it is usually interspersed throughout the nucleus and disappears by late zygotene, whereas in pachytene, strong cH2AX signal is solely restricted to the sex body (Fig. 5A, left panel) . However, in some RAD9A-deficient pachytene spermatocytes, cH2AX was still seen throughout the nuclei (Fig. 5A, right panel) . To investigate this characteristic at higher resolution, we assessed cH2AX in spermatocyte spreads from Rad9a f/+ (Fig. 5B, left panels) Cre + leptotene and zygotene spermatocytes displayed cH2AX signal (red) associated with SC at DSBs formed on autosomes (Fig. 5B , top and middle, left and right panels, respectively). While pachytene spermatocytes in the Rad9a f/+ exhibited normal localization of cH2AX to the sex body (Fig. 5B, lower left panel) , mutant spermatocytes exhibited various patterns of cH2AX distribution. Approximately 29% of RAD9A-deficient mid-pachytene spermatocytes and 21% of those late spermatocytes detected displayed normal localization of cH2AX to the sex body (Fig. 5B , lower right panel; supplementary material Fig. S7Ai and Bi, green arrows and Table S1 ). However, we also detected cH2AX associated with autosomes indicating unrepaired DNA (Russell et al., 1990 ) and stages indicated with Roman numerals. Asterisks after Roman numerals indicate that mutant tubules were staged with the closest possible approximation to a normal seminiferous tubule cycle. In the Rad9a f/del Cre + testes prophase I spermatocytes were observed in tubules of all stages (red arrowheads). (D) Quantification of TUNEL-stained apoptotic cells was performed in round cross sections of tubules. Data were collected from at least 100 tubules per section from three different sections and average total apoptotic cells/100 tubules (gray columns) or apoptotic index (black columns) are shown. Numbers for the Rad9a f/+ genotype were from two randomly picked males in this group (see Table 1 ; results from Rad9a f/del Cre + males are listed individually). DSBs. The cH2AX distribution in the remaining RAD9A-deficient spermatocytes appeared multilobular (supplementary material Fig. S7Bi, asterisks ; Table S1 ).
To further evaluate the efficiency of DNA DSB repair in the Rad9a mutant and obtain data independent of cH2AX, which also localizes to broken DNA in cells undergoing apoptosis, we stained spread spermatocytes with antibodies against DMC1, which specifically mark meiotic DSBs. Rad9a f/+ mid-pachytene spermatocytes had cleared DMC1 from autosomes completely (Fig. 5C, top panel) , while same stage spermatocytes from mutant testes had retained numerous DMC1 foci on AEs (Fig. 5,  white arrowheads) . As expected DMC1 foci were found on the X Cre + (middle and bottom panel) testes. DAPI was used to stain nuclei. Mid-pachytene stage was determined by the extent of axial element formation and chromosome compaction and lack of thickening at the ends. In Rad9a f/+ pachytene spermatocytes, DMC1 is cleared from autosomes, indicating complete repair of DNA DSBs. Multiple DMC1 foci were present on at least three autosomes in Rad9a f/del Cre + spermatocytes at mid-pachytene (arrowheads). Dashed ovals indicate the location of the sex body.
chromosome (Moens et al., 2002) , but appeared more prominent compared to foci in Rad9a f/+ spermatocytes (Fig. 5C , encircled XY).
TOPBP1 localization in RAD9A-deficient spermatocytes
Persistence of cH2AX and DMC1 foci in RAD9A-deficient pachytene spermatocytes indicates a requirement for RAD9A protein in the repair of DNA DSBs. In S. pombe the Rad9 interacting protein TOPBP1 functions together with ATR in the activation of the recombination checkpoint during late prophase (Perera et al., 2004) . A study in mitotic mammalian cells further demonstrated that RAD9A has a role in homologous recombination repair (Pandita et al., 2006) . TOPBP1 is found on asynapsed, but not on synapsed chromosome axes in zygotene and also in the sex body in pachytene spermatocytes (Perera et al., 2004) .
We therefore examined the localization of TOPBP1 in Rad9a conditional knockout spermatocytes. The distribution of TOPBP1 was similar in leptotene and early zygotene Rad9a f/+ and mutant spermatocytes ( Cre + , respectively). In Rad9a f/+ control late zygotene nuclei, we observed multiple TOPBP1 foci aligned with the SC only on asynapsed autosomes (Fig. 6Bii , blue arrowheads). This is in contrast to the previously reported localization of TOPBP1 on multiple asynapsed autosomes in zygotene (Perera et al., 2004) . However, in RAD9A-deficient late zygotene spermatocytes strong TOPBP1 signal was present along the axes of multiple synapsed autosomes (Fig. 6Fii, blue  arrowheads) . Rad9a f/+ pachytene and diplotene spermatocytes exhibited the characteristic intense cloud-like TOPBP1 signal encompassing the sex body (Fig. 6Ci, Cii and D) . Although other characteristics such as cH2AX and SUMO1 localization in Rad9a mutant pachytene spermatocytes appear normal, TOPBP1 signal had lower intensity and was confined to the chromosome axes of the XY chromosomes in the sex body. In addition, RAD9A-deficient pachytene spermatocytes retained diffuse TOPBP1 signal on autosomes ( Fig. 6Gi and Gii). We did not observe TOPBP1 at sites of fragmentary SC (Fig. 6Gi and Gii, white arrowheads, magnified in insets), and aligned, but not fully synapsed bivalents were typically observed in mid-pachytene nuclei (Fig. 6H , yellow arrowheads, upper inset). Along with fragmentary SC, RAD9A-deficient spermatocytes occasionally contained an extended XY body domain encompassing autosomes (Fig. 6Gi and H, green arrowheads, insets).
Discussion
Studies of meiosis in yeasts, fly and nematode indicate that the 9-1-1 complex plays critical roles in several activities related to this process, including DNA repair, partner choice for homologous recombination and induction of the meiotic checkpoint (Grushcow et al., 1999; Hofmann et al., 2002; Lieberman, 2006; Peretz et al., 2009 ). However, a meiosis-specific function for mammalian 9-1-1, and in particular the RAD9A component, has not yet been demonstrated, complicated in part by the fact that the Rad9a null is embryonic lethal (Hopkins et al., 2004) . Therefore, we constructed and characterized a mouse strain bearing a conditional Rad9a knockout in undifferentiated spermatogonia to assess its role in spermatogenesis.
RAD9A is expressed in a distinct pattern in meiotic prophase spermatocytes
We demonstrated that RAD9A was readily detected in spermatocytes but surprisingly not in spermatogonia, implying Cre + spermatocytes. Rad9a f/+ (top row) and confirmed RAD9-deficient Rad9a f/del Cre + (bottom row) nuclei labeled with anti-TOPBP1 (green), anti-SYCP3 (red), anti-RAD9A (far red, not shown) and DAPI (blue) are shown. Both Rad9a f/+ (A) and Rad9a f/del Cre + (E) leptotene spermatocytes contain multiple TOPBP1 foci throughout the nucleus. In Rad9a f/+ (Bi,Bii) and Rad9a f/del Cre + (Fi,Fii) zygotene spermatocytes, TOPBP1 is found along the unsynapsed regions of chromosome axes (blue arrowheads in Bi, Bii and Fii) and presumably on the X and Y (dashed oval in Bii). TOPBP1 signal in Rad9a f/+ (Ci,Cii) and RAD9A-deficient (Gi,Gii) pachytene nuclei was observed at the unsynapsed regions of the X and Y (dashed ovals, X and Y label); however, it was quite weak in Rad9a f/del Cre + pachytene-like spermatocytes (Gi,Gii,H) as opposed to a strong signal encompassing the entire sex body in Rad9a f/+ spermatocytes (Ci,Cii). RAD9A-deficient nuclei retain diffuse TOPBP1 staining along the SC of autosomes; white arrowheads indicate interruptions in the SC in RAD9A-deficient pachytene spermatocytes (also insets in Gi,Gii); yellow arrowheads in H indicate paired homologs with partial asynapsis (top inset); green arrowhead in Gi shows TOPBP1 retained on autosomes in pachytene stage; green arrowhead in H indicates a mixed XY+autosomal domain (also H, bottom inset). Diplotene spermatocytes appeared normal in spreads from Rad9a f/+ testis (D) and were not found in RAD9A-deficient spermatocytes from Rad9a f/del Cre + testes.
a specific requirement during the meiotic phase of male germ cell differentiation. Early in meiosis, during the leptotene stage, RAD9A protein was present throughout the nucleus. Subsequently, in zygotene, this diffuse nuclear staining was accompanied by foci of RAD9A presumably associated with the chromosome axes, similar to the distribution of DMC1 foci. This observation, together with the previously reported physical association of RAD9A with RAD51 in mitotic cells (Pandita et al., 2006) , suggested a similar interaction between RAD9A and the recombination related protein DMC1 during homologydirected repair of DSBs in meiosis. However, RAD9A foci did not fully overlap with DMC1 foci (Fig. 1C) , which suggests that rather than a direct role in DNA end binding and homology search, RAD9A might be affecting DNA DSB repair indirectly, via its association with the checkpoint apparatus. Similar observations were made for RAD1, which did not colocalize completely with DMC1 in early meiotic prophase (Freire et al., 1998 ). The precise spatial and functional relationship between early recombination nodules containing DMC1 and mouse RAD9A foci needs further resolution. It was previously shown that TOPBP1, a well-known binding partner of RAD9A (Mäkiniemi et al., 2001) , shares a similar localization pattern at DNA repair foci together with ATR (Perera et al., 2004) . Human CHK1, which requires phosphorylation by TOPBP1-bound ATR for full activation, was also found on meiotic chromosomes and has been proposed to function in DNA damage-induced checkpoint responses (Flaggs et al., 1997) . The association of RAD9A with the sex body during pachytene and diplotene is similar to the pattern reported for RAD1, TOPBP1 and ATR, all strongly localizing to the XY pair (Freire et al., 1998; Perera et al., 2004) . This overlapping localization pattern indicates that, although the sex body is formed, TOPBP1-related checkpoint signaling during late prophase I may be RAD9A-dependent. Therefore, it is possible that RAD9A may play multiple functions in meiosis, during both early and later stages.
Rad9a
f/del Cre + male mice display variable fertility Male mice deficient in RAD9A function from the undifferentiated spermatogonial stage developed normally and showed no unusual reproductive behavior. However, they exhibited reduced testis size and low sperm counts that led to infertility or sub-fertility, underscoring the essential role of RAD9A in male germ cell differentiation. While there was heterogeneity in the severity of the infertility, all males examined eventually became sterile. A failure to fully excise the floxed Rad9a allele in some spermatogonia due to the lack of expression of Stra8-Cre in some spermatogonia (Hobbs et al., 2012; SadateNgatchou et al., 2008) may have contributed in part to this heterogeneity. Nonetheless, the loss of RAD9A results in a striking and surprising meiotic phenotype. Histological analysis of the testis of Rad9a f/del Cre + mutant males indicated the presence of the various types of spermatogonia and the cells appear to enter into meiotic prophase normally. However, few of the spermatocytes progressed beyond zygotene into pachytene and virtually no RAD9A-deficient diplotene spermatocytes are seen. Our TUNEL assay revealed that RAD9A-deficient testis demonstrated higher levels of apoptosis, predominantly in spermatocytes as judged by positive signal in the first and second layers of cells from the basal membrane of the seminiferous tubules.
A prominent meiotic defect in RAD9A-deficient spermatocytes is unrepaired DNA DSBs
In mammals, spermatocyte apoptosis can be activated in mutants that fail to complete meiotic DNA repair and recombination (e.g. Dmc1 2/2 , Msh4 2/2 or Msh5 2/2 ), and both male and female mice with such mutations are sterile (Edelmann et al., 1999; Pittman et al., 1998) . Also, spermatocytes with defective SC formation or DSB repair are eliminated at mid-pachytene, demonstrating that coordination between SC dynamics and DSB repair is necessary to permit meiotic progression (Bolcun-Filas et al., 2009; Hamer et al., 2008a; Hamer et al., 2008b) . Synapsis and DNA repair are interrelated and interdependent events, making it difficult to discriminate which process, either one or the other or both, is affected by RAD9A deficiency. Human RAD9A is retained at sites of damaged DNA and colocalizes with cH2AX. Most of the cH2AX foci on autosomes of RAD9A-deficient spermatocytes were presumably at sites of DNA DSBs generated in leptotene and not at sites of asynapsed chromatin. Unlike in SPO11-deficient spermatocytes (Barchi et al., 2005) , in those cells lacking RAD9A, DNA DSBs were normally produced and sex bodies seem to form. We found RAD9A-deficient spermatocytes with significant retention of cH2AX throughout the nucleus up to early pachytene stage, which pointed to unrepaired DNA damage. This was accompanied by a significant increase in the number of leptotene/zygotene spermatocytes in the mutant concomitant with a decrease of cells in pachytene. Persistent DMC1 foci on autosomes in mid-pachytene further support this idea and indicate that the abnormal cH2AX presence in pachytene was a direct result of compromised DNA DSB repair in the absence of RAD9A. Together, these data strongly indicate that aberrantly persistent cH2AX foci in mutant spermatocytes were at sites of unrepaired DNA damage and that early apoptosis has been triggered either due to a failure of RAD9A to aid homologous repair directly or because of failed activation of the DNA DSB checkpoint, normally controlled by the 9-1-1 clamp.
These data demonstrate a function for RAD9A during early prophase I. However, the distinct pattern of RAD9A localization to the sex body during late prophase I may indicate an additional role at this stage. Spermatocyte apoptosis at mid-pachytene can also result from abnormal sex body formation and defective meiotic sex chromosome inactivation (MSCI) (Mahadevaiah et al., 2008; Royo et al., 2010) . Definitive analysis of such a role in meiosis was precluded in RAD9A-deficient spermatocytes due to induction of apoptosis in early pachytene spermatocytes, and late-pachytene spermatocytes were rare. However, sex bodies formed and key events of MSCI such as localization of cH2AX and SUMO1 at the XY pair appeared normal in RAD9A-deficient spermatocytes that did reach mid-pachytene. Therefore, while RAD9A is not likely required for the formation of the sex body, a weak TOPBP1 signal and its restriction to the axes of the X and Y suggest that RAD9A may be important for the functioning of the sex body and could play a role in MSCI.
There is also the interesting possibility that, at different stages, RAD9A physically interacts with different protein complexes to mediate distinct activities. For example, it is known that in somatic cells RAD51 binds to RAD9A, which in our system could be involved in the repair of obligatory DSBs. Studies in S. pombe have also shown that the Rad9 interacting protein TopBP1 functions in the meiotic recombination checkpoint (Perera et al., 2004) . Since RAD9A and TOPBP1 are found to interact in mitotic mammalian cells, it is likely that RAD9A and TOPBP1 are in complexes functioning in mammalian meiotic recombination as well as in late prophase I.
In summary, our findings demonstrate that RAD9A is required for progression through prophase I of mammalian male meiosis. RAD9A deficiency causes distinct abnormalities in prophase I spermatocytes, mainly the accumulation of DNA DSBs and increased apoptosis. This in turn results in infertility or subfertilility. RAD9A is a multifunctional protein with activities in DNA repair, cell cycle checkpoint control and apoptosis, studied primarily in the context of the mitotic cell cycle. Investigations reported herein reveal a role for RAD9A in events in the meiotic cell cycle and thus importantly provide an avenue to evaluate the significance of specific RAD9A-related functions in mitotic versus meiotic processes, as well as impact on male fertility.
Materials and Methods

mRNA expression analyses
Q-RT-PCR Total testis RNA was isolated from mice of the indicated genotype and age using Trizol reagent (Invitrogen) according to the manufacturer's recommendations, treated with DNase I (Invitrogen) and reverse-transcribed using random primers (Invitrogen). In each real-time PCR 100 ng cDNA was combined with qPCR Mastermix Plus for SYBR Green I (Applied Biosystems) containing 300 nM of specific primers: Rad9a-q forward: 59-GGCTGTCCATTCGCTATCCC-39 Rad9a-q reverse: 59-GTGGGGCAAAAAGGAAGCAG-39 designed to anneal to exon two and three. Intervening intron precludes the amplification of a larger fragment under these conditions.
Arbp was amplified with primers: Arbp-q forward: 59-CAAAGCTGAA-GCAAAGGAAGAG-39 Arbp-q reverse: 59-AATTAAGCAGGCTGACTTGGTT-G-39 as previously reported (Yabuta et al., 2011) . Reactions were performed in triplicate in an ABI 7300 Real-time PCR System (Applied Biosystems, Foster City, CA) and RNA load normalized with Arbp.
In situ hybridization Rad9a mRNA was detected in situ in 5 mm paraffin sections of adult wild-type mice using digoxigenin-labeled riboprobes as described previously (Batourina, et al., 2001; Chung, et al., 1998b) . A cDNA fragment spanning nucleotides 1-180 of the Rad9a mRNA was cut with NdeI (Invitrogen, Carlsbad, CA) from full ORF cloned in pGEMT and T7 polymerase used to generate the sense probe. Antisense probe was prepared by AatII (Invitrogen, Carlsbad, CA) digest followed by SP6 polymerase conversion.
Protein extracts and immunoblotting
Cytoplasmic and nuclear extracts from fresh testis were prepared as described previously (Andrews and Faller, 1991; Revenkova et al., 2001) . Immunoblot analysis was performed according to standard protocols with the following antibodies: mouse monoclonal against RAD9A (cat. no. 200784, Zen Biosciences, CA) and goat polyclonal against beta-actin (cat. no. sc-163637, Santa Cruz Biotechnology, CA).
Generation of Rad9a
f/f or Rad9a f/del and Stra8-Cre Rad9a male mice All mice were housed in a pathogen-free facility, and manipulations performed in strict adherence to IACUC guidelines. The generation of the conditional Rad9a flox allele has been described previously . Rad9a f/f mice were interbred with Stra8-Cre mice (Sadate-Ngatchou et al., 2008) tm4(ACTB-tdTomato,-EGFP)Luo / J (mT/mG) (Muzumdar et al., 2007) to assess efficiency of excision by the Stra8-Cre driver. The mouse colony was maintained in a mixed genetic background of 129 SvEv, C57BL/6 and FVB/NJ.
Fertility studies
The fertility of males with Rad9a f/del Cre + and Rad9a f/f Cre + genotypes was assessed, beginning at 3 months of age, by mating to two, 8-week-old CD1 females. At day 30 females were sacrificed and the number of live pups and developing embryos recorded. At the end of each mating period two new 8-weekold CD1 females were added for another month, for a total of three rounds. Statistical analysis was performed for litter size using a negative binomial model with correction for multiple comparisons. Data were plotted at the 95% confidence limit. At the completion of the three mating periods, males were sacrificed and their testis weight and sperm counts from cauda epididymes determined as described (Wang, 2003) . Progeny of mutant males were genotyped to determine the efficiency of conditional allele excision.
Tissue preparation and histology
Testes of mice at indicated ages were dissected from anesthetized animals, weighed, then fixed in either Bouin's solution (Sigma) or 3.7% paraformaldehyde overnight at 4˚C. Fixed tissues were embedded in paraffin, sectioned at 5-mm thick, and mounted on slides. Periodic acid-Schiff (PAS) staining was used for histological analysis, according to standard procedures (Sotomayor and Handel, 1986) . Staging of spermatogenesis was performed according to a published method (Russell et al., 1990) .
TUNEL staining of apoptotic cells and calculation of the AI TUNEL staining was performed on tissue sections using the in situ cell death detection kit (Roche Diagnostics, Indianapolis, IN), according to the manufacturer's instructions. Briefly, histological sections were treated as for immunohistochemistry without subsequent antigen retrieval. The tailing labeling reaction was carried out in the terminal deoxynucleotidyl transferase (TdT) buffer with HRP-labeled UTP. TUNEL-positive cells were visualized with DAB/H 2 O 2 and sections counterstained with Hematoxylin. Only clearly stained cells were scored as apoptotic, and only tubules cut perpendicular to the length of the tubule (yielding round tubules in section) were evaluated. At least 100 tubules per section from six different testicular sections (more than 60 mm apart) of the same animal were counted. Apoptosis level quantified by the apoptotic index (AI), was determined as described (Woolveridge et al., 1999; Yu et al., 2001 ). Tubules containing three or more TUNEL-positive cells were considered apoptotic. The AI was assessed by multiplying the percentage of apoptotic tubules by the mean number of TUNEL-positive cells per tubule. Significant differences (P,0.01) between groups were assessed by statistical analysis.
Preparation of chromosome spreads and tubule squashes
Testis cell preparations were generated from juvenile or adult (2-to 4-months old) mice. Usually, one testis was freshly frozen in OCT or fixed in 4% PFA to be later embedded in paraffin and used for immunohistochemistry, while the other was processed for surface spreading according to established techniques (Peters et al., 1997) . For long-term storage, slides were kept at 280˚C.
For squashes, tubules were dispersed and fixed for 10 minutes in 2% formaldehyde in PBS with 0.05% Triton X-100, placed on slides, pressed with a coverslip, frozen in liquid nitrogen and kept at 280˚C prior to processing. Washes were carried out in 0.1% Triton X-100 and 10% antibody dilution buffer (ADB: 10% donkey serum, 3% BSA, 0.05% Triton X-100) in PBS. Then primary antibodies at dilutions of 1:50-1:100 in ADB in PBS were incubated overnight at 4˚C. Secondary antibodies diluted 1:300-1:500 were added to the tubule preparations and incubated at room temperature. After washing, slides were mounted in ProLong Gold antifade reagent (Molecular Probes, Eugene, OR, USA), with 5 mg/ml DAPI.
Antibody generation and immunohistochemistry
The full-length Rad9a cDNA fragment (encoding amino acid residues 1-390) was subcloned into the Escherichia coli expression vector pGEX-4T-3 (Invitrogen), expressed and purified on glutathione agarose (Sigma). A mixture of native and denatured protein was used for immunization of rabbits and polyclonal antibodies were generated (Cocalico Biologicals, Reamstown, PA). Specific antibodies were purified on Protein A-Sepharose Fast-flow (Invitrogen), followed by passage through GST-Sepharose to reduce background. The resulting antibodies were designated as a-RAD9A. The specificity of the antibodies was confirmed by immunoblotting and used to detect RAD9A protein in paraffin embedded testicular tissue sections by immunohistochemistry.
Immunohistochemical analyses were performed using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA), as previously described (Liu et al., 1998) . Antigen unmasking was performed by boiling slides in a microwave twice for 5 minutes in 0.01 M citrate buffer, pH 6.0 (Shi et al., 1991) . Endogenous peroxidase activity was saturated in 0.3% H 2 O 2 for 30 minutes. Antibody staining with RAD9A primary antibodies at 1:100 dilution was performed according to the Vectastain ABC kit manufacturer's instructions. RAD9A protein was visualized with DAB and nuclei counterstained with Hematoxylin. Slides were viewed on a Nikon photomicroscope under brightfield optics and images were captured with a Spot digital camera using SPOT software.
Immunofluorescence
Labeling of paraffin and frozen sections of mouse testis was performed as described previously (Revenkova et al., 2004) . The following antibodies were used: goat polyconal anti-RAD9A (sc-10465, Santa Cruz Biotechnology), mouse monoclonal anti-SYCP3 (ab-97672, Abcam), rabbit polyclonal anti-SYCP3 (ab-15093, Abcam), rabbit polyclonal anti-DMC1 (sc-22768, Santa Cruz Biotechnology), rabbit polyclonal anti-TOPBP1 (ab-105109, Abcam), mouse monoclonal anti-cH2AX Millipore) and anti-SUMO1 (sc-5508, Santa Cruz Biotechnology). For double or triple immunostaining with primary antibodies from the same species, appropriate monovalent Fab fragments were employed. Secondary antibodies used were DyLight-647-labeled donkey anti-mouse IgG (1:300; Jackson Immunoresearch), DyLight-488-labeled donkey anti-goat (Jackson Immunoresearch, PA), DyLight-594-labeled donkey anti-rabbit IgG (Jackson Immunoresearch, PA) and Alexa-Fluor-647-labeled donkey anti-goat IgG (Invitrogen). Nuclei of testis sections were visualized by staining with DAPI. In addition to the antibodies listed above, on squash preparations the following pairs of secondary antibodies were applied at 1:500 dilution: anti-rabbit-549 (cat. no. 111-605-144, Jackson Immunoresearch, PA) and anti-mouse Alexa-647 (SUMO1 and SYCP3; cat no. A-31571, Molecular Probes, Life Technologies, CA) and anti-goat Alexa-488 (RAD9A; cat. no. A-11055, Molecular Probes, Life Technologies, CA). Both PBT and ADB buffers were made using immunoglobulin G-free protease-free BSA (cat. no. 001-000-161, Jackson ImmunoResearch, PA).
Analysis of excision efficiency by Stra8-Cre and quantification of germ cell populations by flow cytometry For staining of individual germ cell types, single-cell suspensions were prepared from testes as described previously (Bastos et al., 2005; Vasileva et al., 2009 ) with minor modifications. When the same testes were used for spermatocyte spreads, suspensions were prepared by mechanical maceration as opposed to enzymatic digestion, a modification, which resulted in very low numbers of spermatogonia (Table 2) . To discriminate between cell types based on their DNA content and the progressive loss of activity of a nuclear ATP pump, which excludes dye from the nucleus as cells differentiate, we stained cells with Hoechst 33342 and performed flow cytometry. Single-cell suspensions from Rad9a was determined using quantitative RT-PCR of DNAse I treated total RNA isolated from whole testis at ascending post-natal ages. Relative expression represents the value for Rad9a calculated in attomoles using a standard curve prepared by cloning of amplicons into pGEMT-Easy plasmids and normalizing to the corresponding value of a housekeeping gene (acidic ribosomal phosphoprotein P0 -Arbp). Unless otherwise specified, each time point is a mean ± SEM calculated using formulae built into Microsoft Excel (Microsoft Office Software) of three biological and three technical independent trials. Abbreviations: Ad, adult; PS, pachytene spermatocytes; RS, round spermatids. (B) In situ hybridization on paraffin-embedded testicular sections was performed with antisense (left) and sense (right) probes at 100-500 ng/ml, generated from the fulllength Rad9a ORF, following our standard procedures (Ravnik and Wolgemuth, 1996) . The signal was visualized using a substrate solution (10% polyvinyl alcohol in detection buffer with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate toluidine). Nuclei were visualized with neutral red. Specific
Rad9a signal (purple) was detected in the pachytene spermatocyte layer (arrows) and Sertoli cells lining the basal membrane (arrowheads), but not in spermatids. The QRT-PCR expression data suggest that the weak staining of late elongated spermatids is probably non-specific. Roman numerals indicate the stage of the mouse seminiferous epithelial cycle (Russell et al., 1990) . Images acquired at 40x. 
